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ABSTRACT 
 Ceramic waste forms have been proposed to replace the traditional glassy waste 
forms for long term stabilization of radionuclides. These waste forms are constantly 
exposed to self-irradiation emitted from the constituent radionuclides causing their material 
properties to change accordingly. It has been known that the radiation damage in waste 
forms is dominated by alpha particles emitted from transuranic (TRU) radionuclides. Since 
alpha particles usually have a range of 10~20 μm in such waste forms, some fraction of 
any non-transuranic containing phases (for a multiphase waste form) will be undamaged 
(or less damaged) if containing large enough grain sizes. Modeling and simulation of such 
radiation damage is important for both designing and analyzing ceramic waste forms. 
Considering this, a method that utilizes computer codes, MCNP6.2 and TRIM, is 
developed for computing damage measured in atomic displacements created in such waste 
forms.  This work builds upon earlier work that created a Multiphysics Object Oriented 
Simulation Environment (MOOSE) based application called TREX capable of modeling 
radionuclide diffusion in a multiphase waste form.  The method is introduced using an 
example that simulates alpha particles originating from a pyrochlore phase and initiating 
damage within that phase and in any neighboring phases including a possible hollandite 
phase as may be present in a multiphase waste form. Alpha particle irradiation induced 
primary knock-on atom (PKA) energy data from TRIM is used as an input to the Norgett-
Robinson-Torrens (NRT) calculation of displacement. Together with the positional 
vi 
dependent particle current information from MCNP, damage (displacement) distribution 
in hollandite is thereby calculated. A MOOSE Object is created and added to the MOOSE 
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Nuclear waste generated from nuclear power plants contain radioactive 
radionuclides. Such radionuclides can be mobile and therefore need to be safely disposed. 
At Savana River Site (SRS), such waste is traditionally vitrificated and then converted into 
glassy waste forms for immobilizing radionuclides before geological disposal. (Figure 1.1) 
Recently, ceramic waste form has been under development as a type of new waste form 
because they can provide better durability than glassy waste forms and provide higher 
waste loadings for specific radionuclides by holding them in the crystalline structure. [1] 
Such crystalized ceramic waste forms are usually composed of different phases where each 
phase is responsible for immobilizing certain radionuclides. For instance, Synroc [2] 
usually contains zirconolite and pyrochlore phases for holding plutonium; perovskite for 
stabilizing both plutonium and strontium; hollandite for immobilizing cadmium, potassium, 
rubidium, barium, and cesium. Radiation damage from these same or other radionuclides 
can impact macroscopic properties such as thermal conductivity (Figure 1.2) and diffusion 
rates (radiation enhanced diffusion) of radionuclides that are ought to be immobilized, thus, 
studying of such impact to cask storage performance is important. Cs-137, releasing 
gamma rays of 0.6617 MeV through its β-decay product (Ba-137), is one of the radioactive 
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elements that needs to be immobilized due to its high mobility in the environment. 
Hollandite has been suggested as one of the waste forms to hold and stabilize Cesium, and 
was analyzed and modeled previously here at University of South Carolina, which showed 
good capability of holding Cesium [1]. However, analyzation of radiation damage effect 
was not included. In this study, hollandite is therefore used as an example target material 
of receiving radiation damage. 
Major sources of radiation in a waste form include beta particles emitted from 
fission product such as Cesium-137 and Strontium-90; and alpha particles emitted from 
actinides. Atomic displacement is one of the major consequences of radiation damage, and 
therefore will be used as the key parameter for calculating radiation damage in this work. 
A displacement is created when an atom is knocked out from its lattice position by an 
incident particle. Beta particles typically only create one displacement per decay and 
therefore are relatively unimportant in terms of displacement creation; on the other hand, 
each alpha particle can create hundreds of displacements and is more significant in terms 
of radiation damage. [3] Like any other heavy charged particles, alpha particles almost 
travel in straight path until close to its end-life, indicating that for multiphase waste forms 
such as Synroc where actinides and fission products are placed in separate grains, if 
manufacturer can make the waste form grain size large enough, alphas born in grains that 
actinides will never be able to reach the center of nearby grains and thus leaving some 
places undamaged or less damaged. Since such phenomenon may affect the waste form 
performance, modeling of such effect is interesting. Pyrochlore, exists as one of the alpha 




Figure 1.1 Reference Process for Immobilization of SRP Waste [4] 
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Figure 1.2 Example of radiation damage impact on macroscopic properties. 
Shows the effect of temperature on the conductivity of irradiated SiC. (a) Tirr = 





Comparing radiation damage from alpha irradiation for different waste forms can 
be both economically and timely costly, with the help of modern computers, such 
comparison can be made much easier if proper a computational model is established. The 
objective of this research is to set up a framework for computing radiation damages (in 
term of atomic displacement) in waste forms using Hollandite as an example. The analysis 
scheme in this research uses MCNP6.2 and SRIM/TRIM 2013. A MOOSE based Object 
is also added to the TREX application in order to visualize the damage distribution in a 
realistic grain geometry. The outcomes of these simulations can guide future researches of 
studying the change leaching rate of radionuclides (such as Cs-137) under radiation 
damage; Or help manufactures to optimize the grain size of waste form based on the 
fraction of undamaged materials.  
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CHAPTER 2 
LITERATURE REVIEW OF RADIATION DAMAGE  
2.1 INTRODUCTION TO RADIATION DAMAGE 
Materials in the nuclear industry are usually exposed to irradiation fluxes such as 
neutrons, gamma rays and charged particles. These particles with sufficient energy can 
cause radiation damage such as displacing atoms from their original positions, creating 
lattice defects, changing grain geometry, changing crystal structures, etc. These 
microscopic changes in materials usually lead to undesired macroscopic effects such as 
irradiation induced creep, enhanced diffusion/leaching, and thermal properties such as 
thermal conductivity. (Figure 1.1) It may also change mechanical properties such as 
hardness due to embrittlement. This paper will focus on radiation damage caused by 
charged (alpha) particles as they are the dominant damaging source in high-level waste.  
2.1.1 Damage from Alpha Decay 
2.1.1.1 Displacements Created by Alpha Particles 
High energy alpha particles (usually 4~6 MeV) born from decay lose their energy 
primarily by ionization (section 2.2.1 & 2.2.2). But a small fraction of energy is lost due to 
Coulomb-force interactions (sections 2.2.3) and creates hundreds of displacements per 
alpha particle born. Typical ranges of these alpha particles are on the order of tens of 
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micrometers, therefore damaging not only the source regions (actinide-containing phases) 
but also nearby nonactinide-containing phases.  
2.1.1.2 Displacements Created by Recoil Nucleus 
The recoiling nucleus from alpha emission will only have energies on the order of 
0.1 MeV. In contrast to the alpha particle, energies of recoil nucleus are lost mostly due to 
Coulomb-force interactions. Because the threshold energy required to produce a single 
displacement is on the order of tens of eV, even though the recoil nucleus obtains only a 
small fraction of energy from alpha decay, it is still capable of producing thousands of 
displacements per recoil atom. On the other hand, because of their low energy and mass, 
the range of the recoiling nucleus is only around 0.01 μm, confining the damage essentially 
to only the actinide-containing regions. 
2.2 CHARGED PARTICLE INTERACTIONS 
Categorization of charged particle interactions in matter can vary depending on the 
researcher’s interests. Here in this report, three major scenarios of charged particle 
interactions and a summary of other possible interaction models are introduced.  
2.2.1 Soft Collisions 
Consider a center of mass system as illistrated in Figure 2.1.a, or a nucleus centered 
system as shown in Figure 2.1.b, when the impact parameter "p" is much greater than the 
target atom radius "a" (p>>a), i.e., the incoming particle (Ion) path is far from the target 
atom, a very small fraction of ion energy will be lost as being influenced by the Coulomb 
force field. This type of interatcion is dominant for high energy charged particle ions. 
8 
2.2.2 Hard Collision 
When the ion path is closer to the atom (p≈a), the charged particle can hit directly 
onto atomic electrons, which get ejected as delta-rays. Outer-shell electrons filling the 
vacancies left by ejected inner-shell electrons release energy, usually in the form of 
characteristic X-rays; alternatively, the released energy sometimes can be transferred to 
outer-shell electrons and knock them out of the orbit, emitting what is known as the Auger 
electrons.  
2.2.3 Coulomb-Force Interactions  
When the ion gets close to the target nucleus, i.e. p<<a, most of the interaction will 
be elastic scattering with the nucleus, resulting a significant change in ion’s traveling 
direction. This type of interaction is dominant at low energy near the end of ion’s travel 
life. A small fraction of inelastic scattering may also happen when the ion loses significant 
energy by producing bremsstrahlung x-rays. However, since bremsstrahlung production is 
only significant for charged particles with small mass (e.g. electrons), it is not evaluated in 
this study.  
2.2.4 Other Types of Interactions 
When charged particle have enough energy, it may transfer so much energy to 
target nucleus that nucleons are knocked out, leaving the original nucleus in an excited 
state and undergo decay (usually with emission of additional particles). If the ion energy is 
large enough such that its speed exceeds the speed of light in the medium, Cherenkov 
radiation can be produced, resulting extra loss in energy. Since the threshold for such 
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Cherenkov radiation production is usually over hundreds of MeV for alpha particles, 
energy loss from this effect is irrelevant to our calculation.  
2.3 MODELS OF ESTIMATING PRIMARY RADIATION DAMAGE 
Consider an incoming energetic particle penetrating a material. The particle may 
collide with an atom and impart a certain amount of energy/momentum. These struck atoms 
are referred to as primary knock on atoms (PKAs). If the PKAs receive energy exceeding 
a certain threshold during the collision, they can be displaced from their original lattice site, 
this threshold is called Displacement Energy (Ed). As the PKAs continues to move in the 
material, they themselves can displace more atoms if having enough energy left, these 
atoms displaced by PKAs are named Secondary Recoils. As a result, a single energetic ion 
may cause multiple displacements (PKAs + secondary recoils), the total number of 
displacement and displacement per atom (dpa) are the two common parameters for 
evaluating primary radiation damage, and are also what we will be focusing on in this work. 
One should be aware that the definition of “dpa” used in displacement calculation is often 
referred as “displacement per primary knock on atom” (For example, in [6]) and is different 
from the tradition “dpa” concept used in material science (as “displacement per atom in 
target material”). For example, the abbreviation “dpa” used in equations described 
throughout section 2.3 refers to “displacement per primary knock on atom”, while the real 
total damage to a certain target material should be reported either in “total displacement” 
or “displacement per atom in target material”. 
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2.3.1 The Kinchin-Pease (K-P) Model 
Consider a pure collision cascade (Figure 2.2), a PKA receiving energy Ea 
(available energy) will only lose its energy by colliding with another atom. The average 
energy of these two atoms Eave is then E/2 and two displacements have been created. And 
these two atoms will continue colliding with other atoms until Eave drops below 2Ed, where 
one displacement is created if Ed <Eave<2Ed, and no displacement if Eave<Ed. The 









   if  2𝐸𝑑  < 𝐸𝑎 < 𝐸
∗ 
𝑉𝐾𝑃(𝐸𝑎) = 1   if  𝐸𝑑  < 𝐸𝑎 < 2𝐸𝑑  
𝑉𝐾𝑃(𝐸𝑎) = 0   if  𝐸𝑎 < 𝐸𝑑 
where VKP is the total vacancy/displacement from KP model. And 𝐸∗ is some threshold 
energy above which only electronic energy loss will occur (hence no displacement is 
created), since soft collisions are dominant at the high energy range.  (Figure 2.3)  
2.3.2 The Lindhard-Scharff-Schiott (LSS) energy partition model 
One may notice that for charged particles, not all energy is lost due to hard sphere 
collisions even at low energy range. Lindhard, Scharff and Schiott used a more realistic 
Thomas-Fermi potential. Instead of a hard cut-off at the threshold energy E*, this model 
assumes that a fraction of electronic energy loss is subtracted from Ea and only the rest 
fraction of energy Tdam is converted into displacements. [7] This rest fraction is sometimes 
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 , 𝑇𝑑𝑎𝑚(𝐸𝑎) = 𝐸𝑎 
where  is the damage efficiency term, and is defined as: 
=
1






















































aB is the Bohr radius, Zi and Mi are atomic number and mass of the ith atom, and i=1 for the 





3 term in a12 is the Thomas-Fermi 
potential constant. [8] 
2.3.3 The Norgett-Robinson-Torrens (NRT) Model 
In 1974, Robinson and Torrens developed the Binary Collision Approximation 
(BCA) Code, MARLOWE, which enabled computational simulations of high-energy 
displacement cascades. Based on the results from MARLOWE, Norgett, Robinson and 











where k is the displacement efficiency, the factor ½ was included to emphasize the close 
similarity to K-P model. The value for k was found to be approximately 0.8. It was 
independent of energy (except for Ea near 2Ed) and was insensitive to target temperature 
or the materials studied (Cu, Fe, Au and W) [9]. Thus, if Ea of the PKA is given, the 




   if  2𝐸𝑑/0.8 < 𝑇𝑑𝑎𝑚 
𝑉𝑁𝑅𝑇(𝑇𝑑𝑎𝑚) = 1   if  𝐸𝑑  < 𝑇𝑑𝑎𝑚 < 2𝐸𝑑/0.8 
𝑉𝑁𝑅𝑇(𝑇𝑑𝑎𝑚) = 0   if  𝑇𝑑𝑎𝑚 < 𝐸𝑑 
2.3.4 Athermal Recombination Corrected (arc)-dpa Model 
The above models assumed linear ballistic collision cascade behavior for the 
particles, and normally overestimates the number of displacements to be around three times 
larger than experimental observations reveal( [10], [11]). This is because thermal dynamic 
effects are not considered when developing these models. In reality, particles around the 
PKA will quickly pick up energy during the ballistic collision phase, results in significant 
“temperature” (which represents the energy of an atom) rise easily up to 10,000 K [12]. 
The region where atoms having temperature above melting temperature for more than 
several picoseconds is defined as Thermal Spike [11]. After the thermal spike phase, the 
temperature gradually cools down, the process is similar to recrystallization of a melted 
liquid and tends to form a perfect crystal structure. As a result, the high energy (thus 
displaced) atoms in the thermal spike phase recombine together so that the final 
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displacements are much less than initial displaced atoms. This process is so called Athermal 
Recombination, where athermal indicates this phenomenon is preserved even if the ambient 
temperature is at 0 K. Graphical illustration can be seen in Figure 2.4 & Figure 2.5. To 




𝜉𝑎𝑟𝑐𝑑𝑝𝑎(𝑇𝑑𝑎𝑚)        if  2𝐸𝑑/0.8 < 𝑇𝑑𝑎𝑚 






𝑏𝑎𝑟𝑐𝑑𝑝𝑎 + 𝑐𝑎𝑟𝑐𝑑𝑝𝑎 
𝑏𝑎𝑟𝑐𝑑𝑝𝑎 and 𝑐𝑎𝑟𝑐𝑑𝑝𝑎  are constants related to the material and need to be determined by 
either experiments or Molecular Dynamic (MD) simulations. 
2.3.5 Limitations of dpa Estimation Models 
The BCA simulations generally give good approximation of recoil atom range and 
displacement, but they are not able to describe the atomic structures of defects due to the 
lack of many-body interactions. A full-cascade simulation based on BCA approximation is 
therefore highly dependent of the assumptions made (to particle interactions) in the 
simulation code and can easily become unreliable if the code is not set up correctly. Even 
for codes like SRIM shows self-inconsistency in its full-cascade mode and does not provide 
reliable result in full-cascade mode [13]. 
While utilizing NRT related equations, the threshold displacement energy acts as a 
key factor influencing the results. The final displacements are described as a step function 
related to the available damaging energy, however, the transition in nature is much 
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smoother at Tdam = Ed (instead of a sharp cut-off). Most of the time, the Ed value used in 
the relations is some average threshold energy, while the “true” value is dependent on recoil 
direction and crystal lattice orientation and is an anisotropic value. Also the displacement 
can be smaller than 1 for Ed  < Tdam < 2Ed/0.8 due to recombination effect. 
Detailed discussion on MD simulation is beyond the scope of this work, but a brief 
summarization will be made in this section. Ideally the MD simulation can give accurate 
description of a collision cascade. However, it requires reliable interatomic potentials. As 
there are no “perfect” interatomic potentials (because themselves are approximated values), 
evaluation of these potential become an issue if no experimental data available for 
validation. Although using appropriate potential data usually gives good estimation, 
research has shown that the estimation can become unreliable when simulating at a 
different conditions (for example, changing ion energy beyond some range) [14]. The 
classical MD simulation also completely ignores the electronic excitation, which includes 
electronic stopping and electron-phonon coupling. Although the former can be nowadays 
formulated in simulations as a frictional force, the latter still lacks reliable calculation 
methods, and acts as one of the main difficulties for modeling plasma physics [10]. 
2.4 SUBSEQUENT RADIATION DAMAGE 
The interstitial-vacancy recombination is random, and the atoms usually return to 
a lattice position different from their origin. Local structures can be also destroyed and 
reformed, therefore altering grain boundaries, crystalline orientations, and thus change the 
behavior of ion traveling and atom diffusion in the material. The overall outcome usually 
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yields to creation of defects and formation of dislocation loops (and changing material 
properties).  
As vacancies are created and continuously built up from previous irradiation, the 
ions experience much less energy loss while travelling through these void regions, and thus 
may have longer range than ions from previous generations. The damage is often 
continually applied to the material over years, and can change the macroscopic material 
properties. For ions that have potential to form a gas in solution, such as alpha particle 
forming helium gas as they build up in target materials, coalesce into gas bubbles, lead to 
swelling in the target. Such consequence can do significant impact of the long-term 
performance of the waste form, however, this study is focused on calculating the primary 
radiation damage as the first step for analyzing macroscopic impact in the future. A 
summary of these possible subsequent effects can be seen in Figure 2.6. 
2.5 COMPUTATIONAL SIMULATION OF RADIATION DAMAGE 
Primary radiation damage process of a single atom typically ends in picosecond 
timescale as one can see in Figure 2.4, on the other hand, modeling subsequent damage 
requires computer simulations to be performed at much longer time scales (Figure 2.7). 
Linking these simulations from different computer models/codes can be difficult and we 
are mostly interested in estimating primary radiation damage, only codes related to this 
work will be introduced and discussed.  
2.5.1 MCNP 6.2 
Integrating from MCNPX and MCNP5, the Monte Carlo N-Particle transport code 
MCNP6 obtained the capability of handling charged particle transport calculation. With 
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the release of version 6.2, delta-ray production functionality has also been enabled for all 
energetic particles. [15] 
The transport calculation process is composed of three parts [16]: 
1) Continues energy loss by energy steps 
2) Energy Straggling 
3) Angular scattering 
The algorithm is relatively straightforward as shown in Figure 2.8. 
2.5.1.1 Stopping of Charged particles 
In MCNP6, physics models for continuous energy loss are different depending on 
particle energies. If the particle energy is below 1.31 MeV, the Lindhard theory is used 
(modeled in the same fashion with SPAR code [16]); If the energy is greater than 5.24 
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List of variables used can be seen in Table 2.1. 
If the particle energy is in the range of 1.31 ~ 5.24 MeV, an interpolation between 
Lindhard and Bethe theory is used. Continuous Slowing Down Approximation (CSDA) 
model is used to determine step length by limiting the maximum allowed energy drop at 
each step. This energy step size is determined by: 
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𝐸𝑛−1 = 𝐸𝑛 ∙ 𝐸𝑓𝑟𝑎𝑐 
 where 𝐸𝑓𝑟𝑎𝑐 can be controlled on the 14
th entry on PHYS card for charged particles. The 







where the function NINT rounds a number to it nearest integer. The value of  𝐸𝑓𝑟𝑎𝑐 can be 
set from 0.8 to 0.99 (default = 0.917), i.e., energy will be halved at the 8th step if the default 
setting is used. 
2.5.1.2 Energy Straggling 
Due to the random nature of an individual particle history, there is a difference 
between the actual individual particle range and average particle range. In other words, 
some particles may experience more and larger deflections and thus have a shorter range, 
while some others may experience the opposite. A plot showing relationship between 
stopping power and straggling can be seen in Figure 2.9. 
MCNP6 uses a piece-wise approximation of the Vavilov equation to represent the 





































− 1 + 𝐶 − 𝛽2 − 𝑙𝑛(𝜅) 
A list of variables is given in Table 2.2. The variable 𝜅 can be viewed as a measure of the 
ionization strength for a charged particle in a material. In MCNP 6.2, the Vavilov equation 
is solved by piece-wise approximation according to 𝜅 value. The boundaries are [0.001, 
0.12, 0.22, 0.29, 12] MeV respectively and the corresponding approximated equations can 
be found in [16]. 
2.5.1.3 Scattering Angle 
Originally in MCNPX, a Gaussian approximation to the angular scattering distribution 
was used. With the update to MCNP6, new models called FNAL1(default) and FNAL2 are 
implemented. They both use a modified Moliere distribution and the difference is that the 
prior correlates energy straggling with scattering while the latter uses CSDA for energy 
loss. From Figure 2.10, the new models with Moliere distribution have a much broader tail 
than the Gaussian distribution, thus allowing more large scattering events. The real Moliere 
distribution can be divided into three parts: 
1) The region with small scattering angle and high probability (“soft scatters” region) 
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2) The single scatter region with large deflection angle and typically generates 1 
scatter per transport step 
3) A transition region (Plural region) where too few scattering events can be employed 
to a statistical model, typically below 20 scatters per transport step. 
The FNAL model is said to use a “modified” Moliere distribution because it combines 
region 2 and 3 together into a “hard scatters” region in order to reduce computational 
complexity. “Soft” scatterings are sampled from a “continuous” distribution, while “hard” 
scatterings are calculated explicitly [17]. These two regions are separated by a boundary 
angle θb. And one can image that a large θb will increase the fraction of “soft” region, giving 























List of variables is given in Table 2.3. 
FNAL also replaces the original screening correction factor Q in the Moliere’s differential 




























The list of variables is given in Table 2.4. Calculation of these form factors can be found 
in [16] 
When the deflection from “soft” and “hard” scatters are determined, the total deflection is 
calculated simply as the sum of these two contributions.  
2.5.1.3 Delta-ray Production 
Since the release of MCNP version 6.2.0, the delta-ray production feature can now 
be enabled for all charged particles. The total number of δ-rays produced is given by [15]: 
𝑁𝛿 = 𝛴𝑖𝑛,𝑇𝛥𝑥 
where 𝛥𝑥 is step length, 𝛴𝑖𝑛,𝑇 is the total inelastic cross section for δ-ray production, and 
can be calculated by integrating the inelastic cross section for an energy W over the total 
energy range: 





















1 + 2(𝜏 + 1)(𝑚𝑒/𝑀) + (𝑚𝑒/𝑀)2
 
𝐾 = {










τ is the projectile ratio of kinetic energy to rest mass energy. S is the spin number. 


















) + 𝐺] 
𝐺 = {
0                         ,     𝑠 = 0
𝑊𝑚𝑎𝑥 − 𝑊𝑚𝑖𝑛
(𝐸 + 𝑚𝑒𝑐2)2






















) + 𝐺] 𝛥𝑥 
This δ-ray production feature can be enabled by specifying the value of 𝑊𝑚𝑖𝑛 at 17
th entry 
on PHYS card for charged particles. 𝑊𝑚𝑖𝑛  = −1 specifies a default minimum energy of 
20 keV. 𝑊𝑚𝑖𝑛  = 0 𝑡𝑢𝑟𝑛𝑠 𝑜𝑓𝑓 δ-ray production. As reported in [15], MCNP is only 
accurate for W > 10 keV, and the computational costs increases as W approaches zero. 
Therefore, choosing a suitable value of 𝑊𝑚𝑖𝑛 is important for researchers. 
2.5.2 TRIM 
The Transport of Ion in Matter (TRIM) code, nowadays integrated in SRIM code, 
is well known for its convenience and powerful capability for radiation transfer simulations. 
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TRIM is also a Monte Carlo code but uses different scattering and straggling functions. 
The code follows the history of individual incident particles until its energy drops below a 
threshold (Ed) or leaves target area. Starting at a given position, energy and direction, the 
particle is assumed to change direction only by binary nuclear collisions and moves in a 
straight free-flight path between the collision events. The energy is reduced by nuclear and 
electronic energy losses. These two types of energy losses are independent of each other. 
For nuclear energy loss, the particle losses energy discretely at each nuclear collision. For 
electronic losses, the particle losses energy continuously. 
2.5.2.1 Scattering in TRIM 
The scattering angle in TRIM is calculated by solving the General Orbit Equation 
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𝛷(𝑅) is some screening function for the chosen atoms. 






𝐴 = 2𝛼 𝐵𝛽 ,     𝐺 = 𝛾[(1 + 𝐴2)1/2 − 𝐴]−1 
𝛼 = 1 + 𝐶1








C1 ~ C5 are some empirically fitted parameters  






The only unknown parameter left in the Magic Formula now is the impact parameter, and 
it will be related to the Free Path Length that we will discuss in the next section. 
It was found that sin2(
Θ
2
) is a function of reduced impact parameter B, and for > 10, the 
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The azimuthal scattering angle after collision is randomly selected using the equation: 
𝜙 = 2𝜋𝑅𝑁 
where RN is a random number evenly distributed between 0 and 1. 
2.5.2.2 Free Flight Path 
For high energy ions (ε >> 10), a deflection with laboratory scattering angle greater 
than 1 degree is a rare event, and TRIM accelerates the computational time by neglecting 
small deflections (ϑ < 1°) along its path. This is done by defining a Free Flight Path (FFP) 
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Length L, along which there will be no deflection(collision). A collision event is placed at 
the end of a FFP length, and the length is reduced random based on a distribution function 
that describes the collision position within the new jump length. This probability equation 
is defined as: 
𝑊(𝑝)𝛿𝑝 = 𝑒𝑥𝑝(−𝑁𝐿𝜋𝑝2) 𝑁 2𝜋𝑝𝛿𝑝 





The FFP Length is chosen to be: 
𝐿 =
0.02[1 + (𝑀1 + 𝑀2)]
2 2 + 0.1 1.38
4𝜋𝑎2𝑁 𝑙𝑛 (1 + )
 
such that this L is short enough compared to the mean distance between large deflections 
and allows TRIM to place a collision event at the end of each length interval as mention 
above. 
For low energy where L becomes smaller than the target’s interatomic distance N-1/3, then 
L in this case is fixed at: 
𝐿 = 𝑁−1/3 
And a different distribution function is used for determining the impact parameter:  
𝑊(𝑝)𝛿𝑝 = {
2𝜋𝑁2/3𝑝𝛿𝑝    𝑓𝑜𝑟  𝑝 < 𝜋−1/2𝑁−1/3







2.5.2.3 Electronic Energy Loss and Straggling 
The electronic loss across a path length L is simply defined as: 
𝛥𝐸𝑒 = 𝐿𝑁𝑆𝑒(𝐸) 
where 𝑆𝑒(𝐸) is some built in electronic stopping cross section. 
For high energy particles, where relativistic effect becomes important, TRIM uses the 
following electronic straggling equation: 
𝑄𝑐 = 𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑜𝑓 {




where 𝑄𝐵𝑜ℎ𝑟 is the Bohr straggling expression: 
𝑄𝐵𝑜ℎ𝑟 = 4𝜋𝑍1
2𝑒4𝑍2𝑁 
2.5.2.4 Vacancy Production 
In TRIM, vacancy is said to be calculated by “modified Kinchin-Pease” formulate, 
which turns out to be the same as NRT expression. However, calculations have shown that 
the results from TRIM is a little off from the NRT calculation, and this observation is also 
reported in [13]. 
2.6 MOOSE FRAMEWORK 
The Multiphysics Object-Oriented Simulation Environment framework, MOOSE, 
is an open-source finite element code developed by Idaho National Lab. Users can build 
their own applications and perform desired calculation based on their interests. One widely 
used application developed by researchers is known as BISON used in nuclear fuel 
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performance evaluations. UofSC, researchers have developed an application named TREX 
to perform multi-scale simulations of the performance of advanced ceramic waste forms 
[1].  The code simulates the diffusion and leaching of Cesium in a two-phase hollandite 
waste form (Cs rich and Ba rich phase) contained in a cylindrical storage cask. (Figure 
2.11) The  diffusion coefficients were calculated at mesoscale simulations for both phases 
at bulk as well as for grain boundaries (Figure 2.12), and are also temperature, material 
(i.e., Cs, Ba) concentration dependent (the concentration is also time dependent because 
Cs decaying into Ba is also modeled). An effective property for each mesoscale simulation 
is then calculated using the Asymptotic Expansion Homogenization method (AEH), and is 
then transferred to the engineering scale for the macroscopic diffusion simulation. The code 
is therefore able to perform a time, concentration dependent multiscale simulation of the 
Cesium/Barium diffusion in a waste form material (hollandite) contained in storage 
canister. 
The study perform in this report is integrated into the TREX application so that 
users can calculate the radiation damage experienced by Hollandite phase given user 
specified microscopic grain geometry.  
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Table 2.1 List of variables used in Bethe equation 
Variable Definition Units 
 ρ Material density g/cm3 
dE/dx Stopping power MeV/
cm 
re Classical electron radius cm 
m Particle mass MeV 
c Speed of light m/s 
 β Ratio of particle velocity to speed of light 
 
u Atomic mass unit, one twelfth the weight of 12C Atom 
 
Zi Atomic number for each element, i, in material of interest 
 
fi Atom fraction for each element, i, in material of interest 
 
Ai Atomic weight for each element, i, in material of interest 
 
z Charge of particle 
 
Wm Maximum possible energy transfer in an inelastic Coulomb 
collision with an atomic electron 
eV 
Ii Mean excitation energy eV 
Ci Shell or subshell correction 
 
 δ Density-effect correction   
 
Table 2.2 List of variables used in Vavilov equation 
Variable Definition Units 
 v velocity m/s 
re Classical electron radius cm 
m Electron mass MeV 
M Particle mass MeV 
c Speed of light m/s 
 β Ratio of particle velocity to speed of light   
x Path length cm 
ξ Xi factor  
ε Energy loss per unit path length MeV 
p Place holder variable of integration  
z Atomic number of incident particle  
Z Atomic number of target particle  
λ Landau parameter  
γ Lorentz Factor  
κ Significance ratio  
ω Probability of energy loss per unit path length   
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Table 2.3 List of variables used in boundary angle calculation 
Variable Definition Units 
c Speed of light m/s 
v Proton velocity m/s 
β Ratio of particle velocity to speed of light  
A Atomic mass number of target atom  
z Atomic number of incident particle  
Z Atomic number of target atom  
t Scatterer thickness g/cm2 
θb
2 Scattering boundary angle rad2 
B Reduced target thickness  
xc Characteristic single scattering angle rad 
p Charged particle momentum kg m/s 
N Avogadro’s number  
e Elementary charge C 
b Logarithm of the effective number of collisions  
me Electron rest mass kg 
 
Table 2.4 List of variables used in FNAL model 
Variable Definition Units 
F(q) Form factor of scattering medium fm2 
ρ(r) Charge density distribution fm-3 
β Ratio of particle velocity to speed of light β 
z Atomic number of incident particle z 
Z Atomic number of target atom Z 
me Electron rest mass kg 







Figure 2.1 (left) Center of mass system for two particles [11]. (right) Nucleus centered 
system for two particles, b is the impact parameter. [19] 
 
Figure 2.2 Derivation of Kinchin-Pease formula [11]  
 
Figure 2.3 TRIM simulation result for alpha particle entering hollandite at 5 MeV, 1 
MeV and 200 keV. More fraction of energy is lost to recoils for alphas with less initial 




Figure 2.4 Collision cascade. A cross-sectional view of a collision 
cascade induced by a 10 keV primary knock-on atom in Au obtained 
from typical molecular dynamics simulations. The individual dots 
show atom positions. Blue circles illustrate atoms with low temperature 
and red and whitish atoms have high kinetic energies, with the energy 
scale given to the right. [20] 
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Figure 2.5 Schematic description of the time scales and physical processes occurring 
during irradiation of bulk materials. Frames A-C indicate a single primary damage process, 
D the ensuing defect mobility. E-F illustrate high-dose damage, i.e. what may happen when 
multiple primary damage events overlap. The dashed boxes indicate which simulation 
methods are relevant to model which time scale. Abbreviations are MCN = Monte Carlo 
neutronics calculations, MMC = Metropolis Monte Carlo), MD = Molecular Dynamics, 
BCA = Binary Collision Approximation, KMC = Kinetic Monte Carlo, DDD = Discrete 
Dislocation Dynamics (DDD), DFT = Density Functional Theory, TDDFT = Time-
Dependent DFT, RE = Rate equations, FEM = Finite Element Method, PFM = Phase field 
modelling. When the method is in parenthesis, this indicates that the method can describe 
only some aspect of the problem, as discussed more extensively in the main text. Figure is 
original work for this article. [21] 
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(Figure 2.6) Some damage buildup processes that may occur 
in metals after the primary damage state formation.  [20] 
 
Figure 2.7 (a) scales of physical phenomena. (b) scales of modeling techniques. [20] 
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Figure 2.8 Flow chart of general heavy charged particle 
transport in MCNP6 [16] 
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Figure 2.9 Relationship between straggling and stopping power. [16] 
 
Figure 2.10 Moliere distribution with corresponding Gaussian approximation. (right) 
Emphasis of the tail region from figure on the left. [16] 
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Figure 2.11 Waste Storage Canister. White: stainless steel; Orange: hollandite. [1] 
 
 




3.1 SCHEME DESCRIPTION 
The goal of this study is to establish a method for estimating damage (displacements) 
created by heavy charged particles (alphas) in a multi-phase waste from. The method is 
presented using an example scenario as follows: 
Consider the grain geometry for a ceramic waste form containing pyrochlore (10 
wt% Pu239) and hollandite, as shown in Figure 3.1a. The geometry near the grain boundary 
(GB) can be represented as in Figure 3.1.b. Assuming alpha particles (5.244522 MeV from 
decay of Pu239) are born uniformly in the rectangular pyrochlore region and then emitted 
isotopically to their surrounding environment. Computational simulations were performed 
to study the damage (measured in displacement per PKA) in the rectangular hollandite 
regions caused by such alphas. Dividing the total number of displacements by the total 
number of target atoms gives the traditional dpa (displacement per atom) that can be used 
for relating to macroscopic material property changes. Properties of pyrochlore and 
hollandite are listed in Table 3.1. 
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Consider a number of alphas born in pyrochlore that reaches the grain boundary, 
and continues traveling through hollandite, the total number of displacements they are able 
to create can be calculated as: 





                  (Eq 3.1) 
where: 
•  𝐽(𝐸, 𝛺, 𝑥) is the angular current of alphas passing through the cross-sectional area at 
position x in hollandite. For example, x = 0 represents the grain boundary; x = 5 µm 
represents the position 5 µm away from GB in hollandite; x = -5 µm represents the 
position 5 µm away from GB in pyrochlore. This angular current function is obtained 
from MCNP6.2, examples of this current function can be found in (Figure 3.7) and is 
explained in section 3.2.3. 
• A is the cross-sectional area at position x, since we are using rectangular geometry, A is 
a constant.  
• 𝐷(𝐸, 𝛺) is the damage function generated using TRIM. For an alpha particle entering 
hollandite given its energy E, the angle between its direction and cross-sectional area, 
function 𝐷(𝐸, 𝛺) returns an average number of displacements this alpha will create. For 
example, Figure 3.2 represents a beam of 5.24 MeV alpha particles entering normal to 
the surface, and the 𝐷(𝐸, 𝛺) function gives (total displacements/number of alphas) from 
this beam. 
To provide a more intuitive understanding, a complete walk through example is provided 
in Section 3.5. 
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3.2 ANGULAR CURRENT CALCULATION WITH MCNP6.2 
The results from this section will be utilized in Eq. 1 as the 𝐽(𝐸, 𝛺, 𝑥) current. 
MCNP will automatically capture the underlining physics and results, if and only if a 
proper input file is used. Therefore, it is very important to make sure our final input file 
includes the correct physics that ought to be described. This is done by developing the input 
file from simpler cases, i.e., perform some benchmark simulations with simple geometries, 
then adding desired physical model to the more realistic case that describes the ultimate 
interested case with proper assumptions 
3.2.1 Isotropic Source in Void Space 
Cases with isotropic sources being placed in void space near grain boundary were 
studied. Three of these cases were tested: point source, planar source and volumetric source 
(Figure 3.3). Periodic boundary conditions are applied to top & bottom surfaces and 
surfaces normal in & out to the page. These three cases were used to verify whether the F1 
tally (particle current through surface) from MCNP gives expected value. Since the source 
is isotropic, we expect half of the particles born will pass the plane, thus MCNP should 
give a value close to 0.5, i.e., 0.5 particles pass the plane on average for each source particle 
born. The results are shown in Table 3.1. The number is not exactly 0.5 due to the expected 
error from Monte Carlo source sampling. 
3.2.2 Monodirectional Source from void to Hollandite 
In this case, monodirectional source is used for both validating the behavior of 
alpha particles in MCNP and performing a sensitivity test for different combination of Efrac 
values (section 2.5.1.1) and number of sub-steps (HSTEP parameter in MCNP). Efrac and 
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HSTEP combined controls the how “smooth” an alpha particle travels in the medium (i.e., 
more sampling along its path), this can be seen later in Figure 3.5.  
A point source is placed in void and is emitting 5.244522 MeV alpha particles 
normally to the hollandite block, just as shown in Figure 3.4. Periodic boundary conditions 
are applied to top & bottom surfaces and surfaces in & out to the page. Hollandite region 
is thick enough such that alphas are all stopped within hollandite region.  Figure 3.5 shows 
how the stopping power of alpha particles in hollandite differs with different combination 
of Efrac and substeps. With higher Efrac value, stopping power curve is smoother (shorter 
step sizes) for alphas at higher energy as expected (0~15μm). However, the effect of 
changing of substep numbers (therefore substep size) is less obvious and is tied to the 
choice of Efrac value. Generally, it can be concluded that higher values Efrac and HSTEP 
should be chosen, but it is found that oversampling will lead to unrealistic results. This can 
be seen especially from the line with Efrac=0.99, 28 substeps in Figure 3.5 (the sudden peak 
right before 15 μm). Figure 3.6 shows the current results from MCNP. The range 
differences come from the stopping power differences in Figure 3.5. Near the end of alpha 
particle’s life, the current rises to more than 1 particle per alpha born, this is because alphas 
are get backscattered in that region and thus counter multiple times. For the simulation 
discussed in the next section, the default Efrac value (0.917) and 28 substeps are used for: 
one, it produces a relatively smooth stopping curve while not oversampling the alphas; two, 
it gives a similar range estimation to TRIM simulation (17.7 μm as compared to 18.0 μm). 
3.2.3 Actual Simulation Case 
This case is studied for determining the current function used in Eq.1. The 
simulation geometry was set up as shown in Figure 3.7. Alpha particles (5.244522 MeV) 
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are born uniformly in the Pyrochlore (red) region and emitted isotopically. Some of the 
particles will travel through the grain boundary gap and continue doing damage in the 
Hollandite (blue) region. Materials properties are shown in Table3.2. Periodic boundary 
conditions are applied to Top, Bottom, Front and Back surfaces.  
The hollandite region is divided into multiple cells (Figure 3.8), particle 
information at each cell surface (parallel to Z-Y plane) is recorded by MCNP using its F1 
Tally card. For example, if 1000 alphas (out of 10000 particles born) with energy 2 MeV 
crosses Surface at x=5 µm at 90 degree, the Tally card will give 𝐽(2𝑀𝑒𝑉, 90°, 5µm) = 
1000/10000 = 0.1 particles per particle born. Similarly,  𝐽(𝐸, 𝛺, 𝑥) with other arbitrary 
𝐸, 𝛺, 𝑥 values can be determined from MCNP.  Examples of the current function can be 
seen in Figure 3.9. For this simulation, 500 bins are used for energy (0~5.24452 MeV, 
automatically controlled by MCNP, see Appendix A) and 50 bins are sued for angel (0~1 
steradian, dived evenly). As the alphas penetrate deeper and deeper into hollandite (i.e., as 
x increases from 0 µm to 15 µm), particles are being slowed and loose energy, therefore 
the current become zero at high energy ranges. Similarly, as particles traveling deeper, they 
have higher chances of being scattered and changing directions, therefore current become 
zero quicker for higher angle range as x increases from 0 µm to 15 µm. 
3.3 DAMAGE CALCULATION WITH TRIM 
TRIM was used to generate the data map of the function 𝐷(𝐸, 𝛺) that can be fitted 
and utilized in Eq.1. For each combination of energies and angles, 100000 He ions were 
simulated, see Figure 3.2. The particles are born at the left surface and penetrate into the 
hollandite region.  A summary file named “COLLISION.TXT” will be generated and 
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contains information for individual nuclear collisions. For example, if an alpha particle hits 
a Ti atom along its path, this will be printed as a single line in the “COLLISION.TXT” file 
(Figure 3.11). The column “Atom Hit” tells the current atom being hit; the “Recoil Energy” 
tells the amount of energy being transferred to the scattered atom, this is the PKA energy 
that we will use to calculate NRT damage; the “Target VAC.” represents the damage 
calculated by TRIM, note number of vacancies is the same as displacements because 
replacement collisions are not considered. A step by step example is given below. Consider 
the case for 5.24452 MeV alpha particles entering normal to the surface: 
1) Define ion information: use He atom and define the Energy to be 5244.52 keV; and 
Angle of Incidence to be 0 (normal to the target’s surface). As shown in the top part 
of Figure 3.9. 
2) Define Target Layer Composition: in the middle part of Figure 3.10, parameters 
for the target layer is defined. In our simulation, hollandite is the target layer and 
properties in Table 3.1 were input into the program. The lattice binding energies are 
set to zero for consistency with NRT model. And use the default displacement 
threshold energy. Since the range for alphas in Hollandite is about 17~18 µm, the 
hollandite layer thickness is set to be 20 µm such that all alphas will stay in the 
hollandite region unless “back scatted”.  
3) Choose simulation mode: on the top and right, select “Ion Distribution and Quick 
Calculation of Damage”. The other option “Full Cascade Simulation” provides 
unrealistic results (unrealistically high displacement value at given available energy) 
and should not be used, this is also reported in [13].   
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4)  Start Simulation: Define the total number of particles to be simulated in the bottom 
left corner of Figure 3.10. In our case, 100000 particles are simulated for each energy 
& angle combination. Finally, simply hit “Save Input & Run TRIM to start the 
simulation”. 
5) Postprocessing: when the simulation is done, a script was run to read through 
“COLLISION.TXT” file and calculated the “NRT Displacement” and “TRIM 
Displacement”. i.e.: D𝑁𝑅𝑇(5.24𝑀𝑒𝑉, 90
°) and D𝑇𝑅𝐼𝑀(5.24𝑀𝑒𝑉, 90
°) . The results are 
“averaged” values due to the nature of Monte-Carlo method. The NRT method is 
recommended by literature [13], while TRIM method is calculated for comparison. 
For other combination with different energies and angles, simply set the values in Step 1 
and repeat the simulation. And with enough combination of energies and angles being 
simulated, a data base representing the function 𝐷𝑁𝑅𝑇(𝐸, 𝛺)  and 𝐷𝑇𝑅𝐼𝑀(𝐸, 𝛺)  was 
generated. 
3.4 COMBINING MCNP & TRIM 
The results of 𝐽(𝐸, 𝛺, 𝑥) will be a 3-D scatter plot describing  data points obtained 
from MCNP, a fit function is then applied to make it continuous, so that so that it can be 
used to find the 𝐷𝑡𝑜𝑡(𝑥)  function as in Equation 3.1. Similarly, the 𝐷𝑁𝑅𝑇(𝐸, 𝛺)  and 
𝐷𝑇𝑅𝐼𝑀(𝐸, 𝛺) functions obtained from TRIM are also 3-D scatter plots, and fit functions are 
applied to them as well. The final total displacements caused by alpha particles entering a 
surface at position x is then: 







for NRT Model Estimation and: 






for TRIM Estimation: 










for the TRIM model estimation of damage. 
3.5 EXAMPLE OF DISPLACEMENT CALCULATION  
With the geometry setup described in section 3.2.3, two examples of MCNP+TRIM 
calculation flow path for x=0 µm and 5 µm can be seen in Figure 3.12.  Taking the example 
of x = 0 µm, current function is calculated in MCNP (section 3.2.3), The TRIM damage 
function is obtained from TRIM simulation (section 3.3). Note this TRIM function is valid 
regardless of location (x), as long as the particle does not penetrate and leave hollandite 
layers. Following the blue arrows in Figure 3.12, the Total Displacements from TRIM 
calculation 𝐷𝑡𝑜𝑡_𝑇𝑅𝐼𝑀 at x=0 µm can be obtained after integration. The result shows that an 
“averaged” alpha born in pyrochlore region (15 µm thick) can create about 19 
displacements in hollandite on average, according to MCNP+TRIM calculation. Similarly, 
the Total Displacements at x=5 µm can be calculated following the red arrows. When the 
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“averaged” alpha particle penetrates to the surface at x=5 µm, its energy is decreased and 
angle of incident may be changed so that it is only capable of creating about 9 
displacements now. This indicates that 19-9=10 displacements are left between x=0~5 µm, 
i.e.  9 displacement per 5 µm. And the dashed orange curve shows the behavior of such 
differential property with finer surface layers (𝐿𝑜𝑐𝑎𝑙 𝐷𝑎𝑚𝑎𝑔𝑒𝑇𝑅𝐼𝑀).  
4 Types of alpha scattering event can happen at the surfaces (Figure 3.13): 
1) Displacements caused by this particle are in the 5 µm~20 µm region. And this 
displacement number contributes to Dtot(x=5 µm) 
2) A fraction of displacements from this particle is done to the 5 µm~20 µm region; 
the remaining damage done to the left (0 µm ~5 µm) is a contribution of Dtot(x=0 
µm) - Dtot(x=5 µm). 
3) Similar to Type 2 behavior, but a fraction of damage is made in the source region. 
The damage contributes in hollandite will still be properly accounted just as Type 
2 behavior.  
4) Since isotropic source is used, particles may intersect the tallying surface at very 
small angle especially when the surface is close to source region or if the particle 
energy is in the nuclear stopping region. This type is actually a combination of Type 
1 and Type 2 behaviors, so all the damage done in the 5 µm~20 µm region will be 
described in the Dtot(x=5 µm) function. This is because, for example, if a 100 keV 
particle enters the surface at x=5 µm, get backscattered twice and re-enters at 1 keV, 
MCNP will add counts to both 100keV energy bin and 1keV energy bin (and to 
different angle bins).  
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3.6 SUMMARY OF ASSUMPTIONS IN MCNP/TRIM SIMULATION 
There are several crucial assumptions that we made: 
1) The crystal orientations are not considered. Although one may estimate orientation 
dependent radiation damage in TRIM by selecting a proper Ed value, the particle track 
in MCNP is completely independent of crystal geometry, unless suitable scattering 
libraries are developed in this case for hollandite and this was beyond the scope of this 
work. 
2) The minimum cut-off energy for alpha particles is 1 keV, therefore the histories for all 
alphas that drop below 1 keV are terminated and their information will be lost (all fall 
into 0~1keV energy bin). It is assumed that damage contribution from 1 keV atoms is 
small comparted to the total damage done by the original 5.24 MeV alpha particle. 
About 5.8 displacements can be created on average at 1 keV as compared to 170.9 
displacements at 5.24 MeV from NRT Calculation. This gives about 3.4% 
overestimation at maximum because most alphas will end their histories at some energy 
level below the 1 keV threshold. 
3) Damage caused from previous irradiation on materials can change the damage behavior 
for later incoming ions. For example, vacancy clusters created by earlier ions will extend 
the range for later ions. These types of effects are not considered, and each ion was 
assumed to be traveling in an undamaged material. 
4) The simulation is assumed to happen at 0 K, which means there is no lattice vibration. 
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3.7 DISPLACEMENT CALCULATION IN MOOSE 
Consider a grain structure represented in Figure 3.14, the red boxes represent 
voxels in a grain where the blue boxes represent the grain boundaries. The green box is an 
element sits in a source grain (Pyrochlore, the region shaded in green), and the orange box 
represents an element in target grain (Hollandite, the region shaded in orange). The distance 
between the two elements is L. Given arbitrary pair of source elements and target elements, 
the damage taken by the target element from the source element is calculated in MOOSE 
(section 3.7.1). By summarizing all possible combination of source/target pairs, the total 
damage caused in the geometry can be determined.  
3.7.1 Steps to calculate displacement in MOOSE 
1) From MCNP or TRIM simulation, the stopping power for alpha particles in Hollandite, 
SCSDA(E), can be obtained. This can be further converted to alpha energy as a function 
of distance travelled, E(x). 
2) From MCNP/TRIM simulation (section 3.4), the Displacements in hollandite as a 
function of alpha energy, D(E) can be determined. 
3) Combine (1) and (2), the Displacement function can be transfer to function of distance 
instead of energy, i.e., 𝐷(𝑥) = 𝐷(𝐸(𝑥)).  
4) Differentiate function in (3) gives 
𝑑
𝑑𝑥
𝐷(𝑥) , which has unit of displacement/cm or 
displacement/μm 
5) The damage experienced by the target element is then: 
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𝐷(𝐿) . Where S is the source strength, L is the distance 
between the two elements. This equation will give displacement/s/μm3. Multiply it by 
the element volume gives the total displacement/s experienced by this target element. 
6) Tallying all such damage from all combinations of source/target element gives the total 
displacement in the geometry. 
3.7.2 Assumptions made in MOOSE Calculation 
• Alpha particles follow straight path 
• Modeled region sufficiently larger than characteristic length of the grains and the range 
of alpha particles; this allows use of the tessellated geometry (periodic BCs) in MOOSE 
• Attenuation, slowing down, stopping power are the same for all phases (i.e. hollandite, 
pyrochlore, etc.) Note this causes overestimation of damage in hollandite. Because the 
actual range of alpha particles in pyrochlore is smaller. 
• CSDA approximation is used. 
• Elements/Voxels size is much smaller than characteristic length of grains and range of 
alpha particles 
• Assume isotropic source  
• Assume uniform source strength in source region. Therefore, damage, corrosion, 
leaching, diffusion, etc. related to the alpha source strength is neglected. 
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Table 3.1 Isotropic source in vacuum tally results   
Geometry 
Current 
 (#/source particle) 
Point Source 0.497470 
Planar Source 0.50128 
Volumetric Source 0.50128 
 
 
Table 3.2 Material properties used for pyrochlore and hollandite 
Name Composition/Element Weight Fraction (wt%) Density (g/cm3) 
Pyrochlore PuxCa2-xTi2O7  6.363  
Pu 10  
 Ca 24.8492  
 Ti 30.4866  
 O 35.6642  
 (x=0.1313606)   
Hollandite Cs1.33Ga1.33Ti6.67O16  3.92 
 Cs 20.925  
 Ga 10.9774  
 Ti 37.7948  





Figure 3.1  (Left) Example Grain Geometry of waste form, red region represents 
Pyrochlore, blue region represents Hollandite. (Right) Geometry near grain boundary. 
Orange arrow represents alphas travelling through the material. 
 
Figure 3.2 5.24 MeV alpha particle tracks from TRIM. Incident angle was set to 90 
degree (0 degree in TRIM input). 
           
Figure 3.3 Isotropic source(red) cases. The blue surface represents the 





Figure 3.4 Monodirectional source(red) case. Alpha particles are emitted normally into the 
blue hollandite region. 
 
Figure 3.5 Stopping Power from MCNP with differenct Efrac and substeps 
 
This thick blue “-.-.-.” Line 
(Efrac=0.917, Substep=28) is 
chosen for this simulation 
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Figure 3.7 Geometry setup used in MCNP 
Pyrochlore Hollandite 
15 μm 20 μm 0.1 μm gap 
This thick blue “-.-.-.” Line 
(Efrac=0.917, Substep=28) is 
chosen for this simulation 
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Figure 3.8 Representation of Cell Geometry in MCNP. The actual cell thickness used is 






Figure 3.9 Angular Current at various locations, angle zero refers to the 
direction normal to the boundary surface. Top Left: x=0µm; Top Right: 





Figure 3.10 TRIM setup window used to generate Figure 3.2. 
 




























Figure 3.12 Simulation Flowchart. Blue arrows shows the path for calculating Dtot(0 μm); 
Red arrows shows the path for calculating Dtot(5 μm); 
 
Calculate current at x = 0 μm Calculate current at x = 5 μm 
 
Obtain displacement at 
x = 0 μm 
Obtain displacement at 
x = 5 μm 
NRT Damage Function 
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Figure 3.13 Alpha particle scattering pattern near a surface in hollandite. (1) 
particles that penetrated the 5 μm surface; (2) particles that penetrated the 5 μm 
surface but got backscattered; (3) particles that penetrated the 5 μm surface but 
got backscattered and left the target region. (this will only happen for surfaces that 





Figure 3.14 Grain representation in MOOSE. The green box represents a SOURCE 





RESULTS AND DISCUSSION 
4.1 MCNP RESULTS 
4.1.1 Angular Current Field  
With the problem set up as described in Section 3.2.3, The angular current data 
were tallied every 0.5 µm. The results are then fitted with Matlab using linear interpolation 
method. Figure 4.1 and Figure 4.2 illustrate the current data and their fitted functions at 
x=0, 5, 10, 15 µm. It can be seen that current values at higher energy and angle become 
zero quicker as deeper into the geometry as expected. For instance, at 15 µm (right bottom 
plot), alphas with high energy all fall into low angle region (0~20 degree). This is because 
15 µm is so deep in the target hollandite region that only alphas entered hollandite with 
high energy, almost normally, and hardly scattered can make their way to the 15 µm surface.  
The fitted functions are then used to link TRIM results by using Eq. 3.1. It can be seen that 
the current and energy of incident alpha particles keeps decreasing as they travel deeper 
into the hollandite as expected.  
4.2 TRIM RESULTS 
As introduced in section 3.3, average displacements created per alpha particle with 
various energies and angles are calculated using TRIM/NRT method. Figure 4.3 shows 
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damage function from TRIM calculation; and Figure 4.4 shows the damage function from 
NRT calculation. It is found that the NRT calculation predicts more damage compared to 
TRIM calculation. Note that in this case, 90 degree represents alphas entering normally 
into hollandite.  
4.3 CUMULATIVE DAMAGE  
With the current fit functions and damage fit functions obtained, the total damage 
can be calculated by: 











The results are shown in Figure 4.5. 
Because the current value from MCNP is “per source particle born”, the average 
number of alphas (current) reaching the grain boundary will be sensitive to the source 
thickness (grain size) therefore source density, as shown in Figure 4.6. Thus a “reference” 
thickness must be chosen and a normalization to the current must be performed. Figure 
4.7 illustrates how the current magnitude changes with different reference thickness. The 
left curve represents an example simulation performed with 0.5 µm source thickness, the 
right curve represents the simulation used in this study (15 µm source region). Normalizing 
results to 15 μm, the relationship between total average possible displacements created in 
hollandite vs. source thickness is shown in Figure 4.8. It can be observed that the damage 
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gets saturated once the source thickness is larger than alpha range in pyrochlore (source 
material). 
4.4 DISPALCEMENT CALCULATION IN MOOSE  
As described in section 3.6, CSDA is applied to alpha particles assuming 
pyrochlore and hollandite share the same property. The energy vs traveled distance curve 
for alphas with 5.24452 MeV is shown in Figure 4.9. Since the assumptions we made 
essentially mean that the alpha particles will never backscattered from hollandite phase 
(since pyrochlore has identical property as holladnite), instead of using the damage 
function shown in Figure 4.4, the curve shown in Figure 4.10 is used as the damage 
function (because of CSDA approximation). This is essentially the “edge” curve in Figure 
4.4 when the angle value is 90 degree.   
Combining Figure 4.9 and Figure 4.10, the Maximum damage vs. distance 
travelled for an alpha particle can create is shown as the blue curve in Figure 4.11 and 
Figure 4.12. At distance zero, the alpha particle carries the most energy and has the 
maximum potential of creating damage (measured as displacement). As it travels through 
the material and losses energy, its possibility for damage creation decreases respectively. 
The Orange curve in Figure 4.11 and Figure 4.12 is the differential of the blue curve and 
is used in MOOSE Calculation. Source Strength is set to be 1 Bq per voxel in this study 
for illustration purpose. 
4.4.1 Validation Case 
a) 4 x 4 Geometry 
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The maximum range of alpha particles in hollandite was determined to be 18.8658 
μm, a 4 x 4 simple structure is created for validation (Figure 4.13). The red boxes (elements) 
represent source elements and the blue elements represent target (hollandite) elements. The 
grain size is set to be 60 μm x 60μm, such that the side length for each element is 15 μm; 
the diagonal length is 21.213 μm. Therefore, only the elements next to a source element 
will receive damage.  
Figure 4.14 shows the actual damage calculated for each element. The blue corners 
with value of “-1” are the source regions. The white regions in the middle with zero 
displacement are the undamaged regions. The red regions are the damaged regions. Note 
the upper limit of displacement is cut to “1”, the actual displacement value is much larger. 
b) 16 x 16 Geometry 
The geometry in a) is refined to 16 x 16, source/target distribution is shown in 
Figure 4.15. The damage received by hollandite is shown in Figure 4.16. If treat the source 
region as hollandite, i.e., receives damages just as the hollandite do, Figure 4.17 is obtained. 
The users have to pay attention that although the geometry is tessellated (periodic BCs 
around the geometry), the current version of code does not capture damages caused by 
particles across the boundary. Therefore, for elements that are located near the boundary 
(less than 18.8658 μm), the damage received is underestimated. Future update will resolve 
such issue. However, the underestimation from this “boundary effect” is considered small 
because modeled region is required to be sufficiently large (Section 3.7.2).   
c) 64 x 64 Geometry 
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Similarly Figure 4.18 illustrates the damage map if setting “dpa = -1” for the source 
regions. Figure 4.19 illustrates the damage map if setting hollandite property for the source 
regions. The “boundary effect” discussed in (b) are more recognizable in this example. 
4.4.2 Realistic Grain Geometry Case 
In this simulation, an example geometry with size of “240 μm x 240 μm” is used. 
Source and target grains are assigned randomly by the code. Figure 4.20 shows the grain 
structure used for simulation. The color of each grain indicates their unique grain IDs. The 
highlighted (purple) regions in Figure 4.21 represent the source grains. Figure 4.22 shows 
the damage map for such grain geometry; the highlighted region in Figure 4.23 represents 
the source regions. Figure 4.24 illustrates the energy deposition distribution for this 
geometry. Comparing Figure 4.24 with Figure 4.22, it can be found that although minor 
difference exist, regions with higher energy deposition are usually the places that create 
more displacement. This can serve as a side validation for the coding process because it 
agrees with the displacement/energy relationship function shown in Figure 4.10. Because 
the dimension of the simulated geometry is sufficiently large, most of the damages are 
found to be confined in the source grains, and a significant fraction of the geometry is 
undamaged (dark blue regions in Figure 4.22~4.24)  
Simulation with 60 μm x 60 μm and 120 μm x 120 μm geometries are also studied 
for comparison, as shown in Figure 4.25. The grain sizes are scaled but the layout of grains 
stay unchanged. As the square geometry side length increases from 60 μm, 120 μm to 240 
μm, the lowest displacement at a voxel decreases from 55 displacement, 12 displacement 
and eventually 0 displacement when the grain size is large enough. A set of simulations 
with various sizes of geometries are also performed to study the fraction of undamaged 
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regions as a function of grain size. These simulations all have the same grain distributions 
and the 52.64% of the geometry are designated as target grains.  Figure 4.26 shows how 
the undamaged regions increase with increased geometry sizes, while Figure 4.27 shows 
how the undamaged regions increase with increased grain sizes. Such curves have the 
potential to help manufacturers determine optimal grain sizes when design an new waste 





Figure 4.1 Fit functions for current. The colored surface represents the fit function, the red 
dots represents the real current data from MCNP6.2. 90 degree represents alphas entering 
normally into hollandite. Top Left: x=0µm; Top Right: x=5µm; Bottom Left x=10µm; 




Figure 4.2 Fit functions for current at an alternate viewing angle to Figure 4.1. op Left: 
x=0µm; Top Right: x=5µm; Bottom Left x=10µm; Bottom Right x=15µm. 
 
Figure 4.3 TRIM damage fit function. The 
red circles represent the raw data from 
TRIM calculation; The colored surface 
represents its fit function.  
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Figure 4.4 NRT damage fit function. The 
red circles represent the raw data from NRT 
calculation; The colored surface represents 
its fit function.  
 
 
Figure 4.5 Damage results from MCNP/TRIM simulation 
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Figure 4.6 Alpha particles current across grain boundary   
 
 
Figure 4.7 Current at grain boundary with 0.5 μm reference (left) and 15 μm 
reference (right)  
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Figure 4.8 Maximum displacements possible vs. source thickness 
 
Figure 4.9 CSDA curve for alphas in Hollandite. (Left) Energy left in 
alpha particle as a function of distance travelled. (Right) Energy lost to 
material per unit length as a function of distance travelled. 
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Figure 4.10 Displacement as a function of available alpha energy  
 
Figure 4.11 Alpha particle damage capability as a function of distance 
travelled.  (Left) Maximum possible damage as a function of distance 




Figure 4.12 4 x 4 grain structure. Red: source grain; Blue: target grain 
 
Figure 4.13 Damage distribution in 4 x 4 grain structure. Blue: source grain; 
Red: damaged grain; White: undamaged grain. 
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Figure 4.14 16 x 16 grain structure. Red: source grain; Blue: target grain 
 
Figure 4.15 Damage distribution in 16 x 16 grain structure (Hollandite only) 
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Figure 4.16 Damage distribution in 16 x 16 grain structure (both Hollandite 
and Pyrochlore) 
 
Figure 4.17 Damage distribution in 64 x 64 grain structure (Hollandite only) 
73 
 
Figure 4.18 Damage distribution in 64 x 64 grain structure (both Hollandite 
and Pyrochlore) 
 
Figure 4.19 (Left) Fraction of “total initial energy of alpha particles/total energy deposited 
to material” as a function of uniform refinements. (Right) the actual voxel/element length 






























































Figure 4.20 50-Grain geometry IDs 
 
Figure 4.21 Grain structure with source grains highlighted 
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Figure 4.22 Damage distribution of 240 μm x 240 μm grain geometry 
 
Figure 4.23 Damage distribution of 240 μm x 240 μm grain geometry with 
source grains highlighted 
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Figure 4.25 Displacement map for different geometry sizes. Plots on the right show the 
source regions for the left plots in highlighted. Top two: 60 μm x 60 μm geometry; middle 




Figure 4.26 Fraction of undamaged region as a function of geometry size  
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The purpose of this study is to set up a method for estimating radiation damage in 
wasteform materials. In the future, this study can be a foundation for analyzing material 
property changes caused by radiation damage by introducing some correlations that 
describes, for example, displacement vs. diffusion rate or displacement vs. thermal 
conductivity, etc. The method provided in this study was delivered using the example that 
calculates the damage from alpha particles (from pyrochlore) to hollandite. It can be seen 
from Figure 4.4 and Figure 4.12~25 that the proposed method has successfully provided 
predictions of the radiation damage results. However, the current approaches still have 
some limitations. For the MCNP+TRIM/NRT approach, the applicable situations are 
limited by the geometry setup capability in MCNP, therefore difficult to simulate complex 
grain geometries; on the other hand, the current MOOSE/TREX approach does not contain 
any flux/current information of alpha particles (used CSDA) and assume same alpha 
particle range in all grain phases, thus less accurate in predicting radiation damage 
compared to the MCNP + TRIM/NRT method. 
Some assumptions made or simulation conditions chosen in this study are due to 
the lack of code libraries or experimental data, for researchers who desire to use a similar 
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approach, different assumptions or conditions can be used. For example, the 1 keV lower 
bound used in MCNP simulation (section 3.6) is used because this is the lowest energy 
bound in MCNP’s default libraries, the users may use a lower boundary if having available 
data libraries. Furthermore, NRT calculation is used in this study, but for researchers who 
have experimental data or data from MD calculation, it would be better to develop an arc-
dpa model and use that instead of NRT for estimating displacement. 
5.2 FUTURE WORK 
The current algorithm implemented in MOOSE/TREX is computational heavy and 
only runs in serial, the simulation time increases exponentially with number of meshes 
defined in the geometry.  The goodness of meshed geometry (accuracy of results) is thus 
limited by the computation power of the users. Therefore, multi-threading feature and 
optimization of the algorithm is desired in the future. Potential optimization methods may 
include: using adaptive mesh refinement instead of the current uniform mesh refinement, 
i.e., combining saturated or undamaged meshes/voxels together to reduce the total number 
of voxels that enters calculation.  
The link from displacement distribution to macroscopic material property change 
is not established yet in this study, and needs to be developed for a realistic multi-scale 
transient problem.  
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